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Abstract 
A method has been developed in this work for the mechanical manipulation of 
magnetic nanoparticles (MNPs). A helical curve was designed as the capture path to 
pick up and remove the target nanoparticle on a mica surface by a magnetic probe 
based on the magnetic force microscope (MFM). There were magnetic, tangential and 
pushing forces acting on the target particle during the approaching process when the 
tip followed the helical curve as the capture path. The magnetic force was significant 
when the tip was closer to the particle. The target particle can be attached on the 
surface of the magnetic probe tip and then be picked up after the tip retracted from the 
mica surface. Theoretical analysis and experimental results were presented for the 
pick-up and removal of MNPs. With this method, the precision and flexibility of 
manipulation of MNPs were improved significantly compared to the pushing or 
sliding of the target object away from the corresponding original location following a 
planned path. 
 
Keywords: Magnetic nanoparticles; Magnetic force microscope; Mechanical 
manipulation; Capture path 
 
1. Introduction 
Manipulation of atoms, molecules and nano materials has been applied to many 
scientific and technological areas, such as biology, medicine, physics and chemistry 
[1-4]. Due to the high resolution of atomic force microscope (AFM), it is a proper tool 
for the imaging and manipulation of nano objects [5, 6]. Korayem and Saraee et al. 
[7-9] modeled and simulated the pushing and sliding of nanoparticles by AFM for 
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biological sample separation and positioning. Hsieh et al. [10] utilized the AFM tip to 
push the gold nanorods, demonstrating that it can be used for the building of blocks in 
nano-fabrication. Requicha et al. [3] pushed Au nanoparticles of 15 nm in diameter 
upon a mica surface to form an array by AFM tip.  
Based on the AFM, the magnetic force microscope (MFM) is developed for the 
study of magnetic domain structures on a submicron/nanometer scale [11]. Besides 
the observation of magnetic structures, MFM is commonly used for the manipulation 
and measurement of magnetic samples with the magnetic probe [12]. Due to the 
unique features of magnetic nanoparticles (MNPs), such as the high reactivity, high 
surface area and biocompatibility [13], MNPs are widely used for the targeting of 
specific diseases, drug delivery, magnetic resonance imaging [14], electronic device 
[15] and sewage disposal [16]. In addition, MFM has been used for the manipulation 
of MNPs. Chang et al. [17] reversed the magnetization of magnetic nanoparticles with 
the inhomogeneous magnetic field produced by the magnetic tip. Baronov and 
Andersson [18] tracked a magnetic nanoparticle by MFM and a tracking control law 
was developed for the magnetic tip retained adjacent to the target magnetic particle. 
Pinilla-Cienfuegos et al. [19] manipulated individual molecules based on magnetic 
nanoparticles with an average size of 25 nm by MFM. The pushing or sliding of a 
target object along a planned straight line path is currently the main method in 
manipulations. However, the target object is manipulated laterally and hard to be 
removed away from the surface with those methods. If the reposition precision of the 
manipulation system is low, the tip will be hard to precisely follow the designed path 
and push or slide the target nanoparticle. The flexibility of the manipulations is 
limited due to the planned path being a straight line in many applications [15].  
In this work, a method proposed for the mechanical manipulation of MNPs. A 
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helical curve was designed as the capture path to precisely manipulate the MNPs. 
Theoretical analysis and experimental results have shown that MNPs can be 
manipulated successfully by this method. The details are described in the following 
sections. 
 
2. Materials and methods 
2.1 Sample preparation 
Fe3O4 magnetic nanoparticles were synthesized by the co-precipitation method 
[20] and the MNPs were functioned by acetate for the dispersion. 2.5 µg/mL of MNPs 
were dispersed by ultrasounds for 30 minutes below 30℃. 2.5 µL of the solution was 
deposited on the surface of mica and dried at room temperature in the air. The 
diameters of MNPs were in the range of 10 nm to 100 nm. 
2.2 MFM system 
A JPK (NanoWizard®3, Germany) MFM system was used for the imaging and 
manipulation of MNPs carried out in the air condition. The MFM used in the 
experiment was equipped with a closed loop scanner. The typical spring constant of 
the utilized magnetic probe was 3 N/m and the resonant frequency was 75 kHz 
(MagneticMulti75-G, BudgetSensors). The tip was magnetized by an external magnet 
field in the vertical direction. 
Two successive scans with a lift-tapping mode were used for MFM imaging. In 
the first scan, the topography image was obtained with a tapping mode. In the second 
scan, the probe was lifted several nanometers from the surface and traced the 
topography profile to obtain the magnetic force map. A manipulation mode (contact) 
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was used for drawing the capture path on the substrate surface and picking up the 
target magnetic nanoparticle. To successful pick up the target nanoparticle, the helical 
curve was drawn from the outer to inside and the ending position was located on the 
target nanoparticle, and the curve with at least 3 turns. 
3. Theory 
The diameter of particle size being less than 100 nm, leads to the particle 
superparamagnetic or paramagnetic character [21]. The significant feature of 
superparamagnetic particles is that they will only be magnetized by an applied 
magnetic field, consequently presenting a single magnetic domain with a moment of 
the magnetic direction being impacted by the applied magnetic field [22, 23]. The 
MNPs magnetized by a magnetic probe are shown in Fig. 1. Additionally, the single 
magnetic domain direction of MNPs is presented. 
 
 
Fig. 1. Magnetic domain directions of MNPs magnetized by magnetic probe. 
(1-column, dpi:600, size: 8.00cm×4.00cm) 
 
A helical curve was designed as the capture path and it was followed by the 
magnetic tip for manipulating the MNPs, as shown in Fig. 2(a). The lift-tapping mode 
was first used for scanning the distributions of MNPs on the mica surface and a 
nanoparticle was selected as the target to be picked up. It was then switched to the 
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manipulation mode drawn a helical curve, and moved the tip along the designed 
helical path with a specified speed and pushing force to approach the target 
nanoparticle, as presented in Fig. 2(b). The force for the scanning was smaller than 
that for operating the nanoparticle. Finally, the tip was retracted from the mica surface 
and the nanoparticle was picked up, as shown in Fig. 2(c).  
 
 
Fig. 2. Mechanical manipulation of MNPs. (a) A helical curve was designed as the 
capture path. (b) The probe followed the capture path to approach the target MNP. (c) 
The target MNP was picked up by magnetic tip and removed from the mica surface.  
(2-column, dpi:600, size: 17.00cm×4.50cm) 
 
The interaction forces between the magnetic probe and the MNP in the 
approaching process are presented in Fig. 3. Fig. 3(a) shows the forces acting on the 
MNP during the process of tip approaching to the target nanoparticle on the mica 
surface in the x/y plane. Fm is the magnetic force to attract the nanoparticle attached to 
the tip surface. Fr is the resistance force against the particle to move, whereas it 
constitutes with the van der Waals’, capillary, electrostatic and friction forces between 
the particle and the substrate surface. In the approaching process, there should be a 
maximum value for Fr. When Fm is not large enough, the nanoparticle does not move 
on the surface, namely at the equilibrium state, thus Fm=Fr. Apparently, the magnetic 
force direction always changes when the tip move along the capture path and the 
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value of Fm increases with the decrease of the distance between the probe and the 
particle. The Fm acting onto the particle is presented in Fig. 3(b). 
 
 
Fig. 3. Forces acting on the MNP on the substrate surface in the process of tip 
approaching. (a) Forces acting on the particle when the magnetic tip approaching to 
the particle. (b) Magnetic force alteration when the magnetic tip approaching to the 
particle. (c) Forces acting on the MNP when the magnetic tip contacts the particle.  
(2-column, dpi:600, size: 17.00cm×5.00cm) 
 
As shown in Fig. 3(c), the magnetic force Fm will reach its maximum value with 
the direction towards the tip when the magnetic tip contacts the target particle. The 
tangential force Fv is parallel to the tangential direction of the tip and the particle 
contact surface. The push force Fp is opposite to the direction of Fm, and Fp is proven 
to be controllable and set by the MFM system. Fr is opposite to the tangential 
direction of the moving path against the particle moving on the surface. The directions 
of Fm, Fv, Fp and Fr are always changed during the movements of the tip following the 
designed helical path. Due to the existence of Fv and Fp, when the tip moves along the 
capture path and pushes the particle, the particle will be slid on the substrate and then 
Fr will be decreased to the minimum [24-26]. 
The tip will retract from the mica surface when the MNP is attached on the tip 
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surface, as shown in Fig. 2(c). The force model of the magnetic tip picking up the 
MNP vertically is presented in Fig. 4 [27-29]. 
 
 
Fig. 4. Force model of magnetic tip picking up the MNP vertically. (a) Forces during 
the pick-up of the particle by the magnetic tip. (b) Angle between the tip and the 
particle. (2-column, dpi:600, size: 11.60cm×5.30cm) 
In Fig. 4(a), the forces are expressed as [30] 
pttetctvpt fFFFF −− +++=                       (1)
 
psgsescsvps fFFFFF −− ++++=                      (2) 
where Ft-p and Fs-p are the tip-particle and surface-particle forces, respectively, 
including the van der Waals’ force Ftv and Fsv [31],
 
capillary force Ftc and Fsc [32, 33], 
electrostatic force Fte and Fse [34]. ft-p is the friction force between the tip surface and 
the particle, fs-p is the adhesion force between the substrate surface and the particle [27, 
35], and Fg is the gravity of the particle.  
Fm is the magnetic force between the tip and the particle [18]. Ftot is the total 
interaction force of Ft-p and Fm in the vertical direction. It can be expressed as 
βcosFαcosFF mpt += −tot                        (3) 
Because the tip radius R is smaller than 60 nm and the radius of nanoparticle r is 
smaller than 50 nm, the value of cosα is close to 1. The tip height is 17 µm and 
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significantly larger than the particle size. The angle β is very small and it can be 
assumed to be 0. Thus, Eq. (3) can be calculated by 
mpt FFF +≈ −tot                          (4) 
The vertical direction force of the particle is: 
pstotzp
FFF
−
−=                        (5) 
Since the van der Waals’, capillary, electrostatic forces and friction exist 
simultaneously at the tip and the mica surface, it can be assumed that Ftv =Fsv, Ftc=Fsc, 
Fte=Fse and ft-p=fs-p. Combining Eqs. (1), (2) and (4), Eq. (5) can be rewritten as 
gmzp
FFF −≈                       (6) 
Due to the small particle gravity of the particles used ranging from 10 nm to 100 
nm in diameter [36], and the superparamagnetic character of nanoparticles, Fm will be 
large enough if the particle is attached on the tip surface and the following relation is 
observed: Fm>>Fg. Thus, the particle can be separated from the mica surface and 
picked up by the magnetic tip. 
4. Results and Discussion 
In the experiment, the MNPs with a diameter of 30 nm were manipulated by the 
proposed method. The results were presented in Fig. 5. The target particle was 
selected and labeled by a circle, as shown in Fig. 5(a), whereas the corresponding 
magnetic domain distribution was presented in Fig. 5(b). The capture path used for 
the target particle manipulation was drawn as a green helical curve, as presented in 
Fig. 5(c). The magnetic tip followed the designed helical path approaching to the 
target particle and finally the particle was attached onto the tip surface. The particle 
was removed from the mica surface after the tip retracted, as presented in Fig. 5(d) 
and the corresponding magnetic domain of the particle did not exist, as shown in Fig. 
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5(e). The lift height was 7 nm for MFM imaging. The speed for the capture of the 
particle was 0.3 µm/s and the applied force was 45 nN. 
 
 
Fig. 5. Images of MNPs previous to and following the manipulation by MFM. (a) The 
topography image of MNPs before the pick-up. (b) The corresponding MFM image of 
(a). (c) Shows the helical curve designed as the capture path for the particle pick-up. 
(d) The topography image of the target particle after the pick-up. (e) The 
corresponding MFM image of (d). (2-column, dpi:300, size: 17.00cm×10.60cm) 
 
For the evaluation of the method in terms of flexibility and control capability, a 
series of manipulations were successively carried out for three targeted MNPs. The 
results were presented in Fig. 6. It can be clearly observed that particle P1 with a 
diameter of 25 nm, particle P2 with a diameter of 15 nm and particle P3 with a 
diameter of 40 nm were successively picked up. In the experiment, the lift height was 
7 nm for MFM imaging. The capture speed of particles was 0.3 µm/s and the push 
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force was 60 nN.  
 
 
Fig. 6. Successive manipulations of three MNPs. (a) The topography image of MNPs 
previous to the pick-up, particles P1, P2 and P3 displayed with arrows. (b) The result 
following the pick-up of particle P1. (c) The removal result of particle P2. (d) The 
following pick-up result of particle P3. The arrows were corresponding to the target 
particles. (2-column, dpi:300, size: 17.00cm×10.50cm) 
 
Xu et al. [37] used a hybrid-conductive AFM probe to manipulate Au 
nanoparticles. Mirowski et al. [38] provided the magnetic field gradient by magnetic 
probe to sort out magnetic particles on an microfluidic platform with an array of 
magnetic trap elements and the particle size was 1 µm in diameter. Currently, the 
common methods used for the manipulation of single nanoscale objects by AFM are 
pushing, rolling, cutting, drilling and dissecting [7-9]. Also, the main methods are 
pushing and sliding of the particle along a linear path. With the methods, the target 
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particle can be moved from one position to another position on the surface [9, 27, 28]. 
For the particles with disordered and complicated distributions, it is hard to design a 
simple straight line path for the tip to push a selected particle to the target location. In 
practice, the linear path should be precisely determined for each operation, and it is 
difficult to be successfully performed. Due to the limitation of the tip radius, 
reliability and reposition precision of the AFM system, flexible manipulation of 
particles with a size below 100 nm is still a challenge [27].  
Because the interaction forces between the substrate surface and the particle are 
difficult to overcome in the vertical direction, it is hard to separate the particle away 
from the surface and pick up it by the method of simple tip approaching and 
retracting.  
For the proposed helical path method, the pushing force and tangential force in 
the horizontal direction make the particle moving on the surface when the tip contacts 
the particle. Due to the role of tangential force, the particle will be rotated under the 
moment and the contact area between the particle and the surface will be decreased. 
Accordingly, the forces between the particle and the substrate surface are reduced. 
When the particle attached onto the tip surface and the tip is retracted from the surface, 
it can be picked up with the attractive magnetic force. The MNPs can also be removed 
from the tip using an external magnetic field and a BOPP film [39]. 
In the experiments, MNPs were successfully picked up and removed with the 
proposed method. The success rate of pick up the MNPs by the proposed method 
was >90 % for the MNPs with the diameters of 10~90 nm, and the success rate was 
~50 % for the MNPs with the diameters of 100~200 nm. 
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5. Conclusions 
In this work, MNPs were picked up and removed with the magnetic probe 
following a designed capture path, being the helical curve. It can be described that due 
to the interactions of tangential, pushing and magnetic forces caused by magnetic 
probe movements, the resistance force is reduced and the particle can be attached on 
the surface of the magnetic probe tip when the tip contacts the particle. The 
experimental results indicate that with this method MNPs can be picked up and 
removed successfully on the mica surface. The method significantly improves the 
precision and flexibility of manipulations, and provides a guide for the manipulation 
of MNPs for different applications. 
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Highlights 
1. The magnetic probe on an MFM was used to manipulate magnetic nanoparticles 
(MNPs). 
2. A helical curve was designed as the capture path to pick up the target MNPs. 
3. The target MNPs can be attached on the tip surface of the magnetic probe. 
4. The manipulation precision and flexibility of MNPs were significantly improved. 
 
 
